Deuteron photodisintegration, three-body photodisintegration of 3 He as well as muon capture on the deuteron and 3 He are theoretically analyzed by means of improved chiral nucleon-nucleon interactions. To this end we solve the Schrödinger and Faddeev equations in the momentum space. While our electromagnetic current operator implicitly receives implicitly many-body contributions via the Siegert theorem, the weak current is taken in the form of the nonrelativistic single nucleon current supplemented by the dominant relativistic corrections. Such models of the current operators and the wave functions generated with the new chiral potentials lead to reasonable predictions for the cross sections and capture rates studied in this contribution. Our results show very welcome features of the new forces and prove their usefulness in studies of electroweak processes with few nucleons.
Introduction
Chiral Effective Field Theory (χEFT) is a powerful theoretical tool which allows one to derive consistent nuclear forces and electroweak current operators. Its connection to QCD, via symmetries of the underlying Lagrangian, makes it the well founded theory of nuclear interactions. The strong development of χEFT in recent years has resulted in more and more sophisticated models of the nucleon-nucleon (NN) potential [1, 2] . χEFT can be applied in many variant forms, like the pionless version [3] or the theory with explicit treatment of the Delta resonance [4] . However, the most successful approach to the NN interaction is based on only nucleonic and pionic degrees of freedom. Nowadays it allows one to describe NN scattering at energies up to 300 MeV. It can be also extended to many-nucleon interactions and indeed investigations of the chiral three-nucleon force (3NF) as well as the four-nucleon potential are ongoing. One of the inherent features of the nuclear force models derived from χEFT is the necessity of regularization of the obtained forces. The regularization in the momentum space with the non-local regulator was used for a long time [5] . It was shown recently [6] , that such a regularization scheme introduces too many artifacts and destroys the correct physical behavior of the potential at long distances. In addition, the spectral function regularization introduced an unwanted short-range part of the two-pion exchange potential. That causes too strong dependence of predictions on values of the cut-off parameters [6] .
The Bochum-Bonn group proposed recently in [7, 8] an improved version of the chiral potential up to fifth order of the chiral expansion (N 4 LO). During its construction regularization in the coordinate space is performed and only then is, such a regularized force, transformed to the momentum space. Using this procedure different partial waves are affected by the regularization in a different manner, what in turn leads to smaller undesirable regularization effects. Indeed, as shown in [7, 8] the NN phase shifts as well as the deuteron properties are much less sensitive to the values of the regularization parameter than the older model [5] . The same is also true for the elastic nucleon-deuteron (Nd) scattering observables. The neutron-deuteron (nd) differential cross section at E=10,70,150 and 200 MeV presented in [9] shows only weak dependence on the regularization parameter R. It is totally negligible at lower energies and becomes visible only at higher energies.
In this paper we investigate if the same observation is valid for electromagnetic and weak processes. Note that for these processes the electromagnetic and weak currents have to be taken into account. Unfortunately, they are yet not developed at the same orders and beside the well known single nucleon current (SNC), only electromagnetic two-nucleon (2N) currents at LO and some of the leading NLO corrections are available [10] . Together with the old, nonlocal version of chiral interaction they were used to study the deuteron and the 3 He photodisintegration in Ref. [11, 12] . While the general description of observables was reasonable, a strong cut-off dependence of predictions was also observed. Similar results have been obtained for the radiative nucleon-deuteron capture and 3 He photodisintegration reactions when instead of explicit many-body currents the Siegert theorem was used [13] . The too big spread of predictions with different values of cut-off parameters practically disallowed us drawing physical conclusions. Thus it is very interesting to see if the cut-off dependence becomes smaller when the improved model of chiral interactions is used.
We also apply the new NN forces to studies of weak muon capture reactions on the deuteron and 3 He, focusing on the cut-off dependence of the capture rates. In this paper we restrict ourselves
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Study of electroweak processes in the two and three-nucleon systems with local chiral forces Roman Skibinski to calculations in which the weak current is taken as a nonrelativistic single nucleon current operator supplemented with leading relativistic corrections (RC) [14] . Since we are mainly interested in the cut-off dependence of different observables, the use of the incomplete model of the current operator is justified in this work.
In the next chapter we give a short overview of our formalism for electromagnetic and weak processes. Chapter 3 contains selected results for the cross sections in γ + d → p + n, γ + 3 He → p + p + n, µ − + 2 H → n + n + ν µ and µ − + 3 He → 3 H + ν µ reactions. We conclude in Chapter 4.
Formalism
The present study is based on the formalism described in detail in [15, 16, 17, 18, 11] , so here we display only the main steps. We work in the momentum space and use formalism of the Faddeev equations. The nuclear matrix elements for electromagnetic or weak disintegrations are central quantities from which we are able to calculate observables [17] .
In the case of deuteron photodisintegration the nuclear matrix element N µ deu is defined as
where |Ψ 2N scatt and |Ψ 2N bound are the final proton-neutron scattering state and the initial deuteron bound state, respectively. The deuteron state is obtained by solving the Schrödinger equation with the Hamiltonian comprising the 2N interaction V . The same interaction, together with the free 2N propagator G 0 , enters the Lippmann-Schwinger equation for the t operator, t = V + tG 0 V which we use to obtain the final scattering state. Namely, N µ deu can be expressed as
where | p 0 is the eigenstate of the relative proton-neutron momentum. The details of used electromagnetic current operator j µ are discussed below. Also for 3 He photodisintegration the nuclear matrix element
is a crucial quantity. In our formalism, for the final state | Ψ 3N scatt with three free nucleons, the N µ 3N
is given by
where P is the permutation operator, P = P 12 P 23 + P 13 P 23 , and | Φ 3N is an antisymmetrized state describing the three outgoing nucleons. The auxiliary state | U µ fulfills the Faddeev-like equation
with G 0 being the free three-nucleon propagator. We use the same electromagnetic current operator for the deuteron and 3 He photodisintegration processes. We build it from the single nucleon electromagnetic current, which is supplemented by
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In the case of the muon capture reactions nuclear matrix elements have similar structure as shown above. The only differences can be found in the initial and final nuclear states and in the current operator. Muon capture on the deuteron leads to a final state with two neutrons (and a muon neutrino in its leptonic part), and for the 3 He we restrict ourselves to the reaction channel with 3 H and a muon neutrino in the final state. Using precalculated 3 He and 3 H bound states, there is no need to solve the Faddeev-like equation (2.4) . Of course, instead of the electromagnetic current operator, the weak current has to be taken now into account. We take it as a single nucleon current supplemented by the dominant (p/M) 2 relativistic corrections, where M is the nucleon mass. A detailed discussion of the weak current and the formulas connecting the nuclear matrix elements with the capture rates are given in [14] , while our method to obtain 3N bound states is presented in [19] . The technical steps required to compute the nuclear matrix elements, including the partial wave basis and decomposition of the operators present in Eqs. (2.1)-(2.5) can be found in [20] .
Results
We use deuteron photodisintegration as a first test of application of improved chiral forces to electroweak processes. In Fig. 1 we show the total cross section for this process at photon laboratory energies E γ up to 80 MeV. Our predictions employ the N 4 LO potential with cut-off parameter R=0.9 fm. The red line shows predictions based only on the SNC, while the dashed black curve corresponds to our full predictions (SNC+Siegert). The large effect of the (implicit and explicit) many-body currents is clearly seen and the experimental data are very nicely described by this model. For the sake of comparison with the predictions based on semi-phenomenological forces, we show also results obtained with the AV18 force [21] and different models of the nuclear current: the SNC (green curve), SNC+Siegert (dotted violet curve) and SNC+MEC (blue curve). In the latter model beside the SNC also dominant "seagull" and "meson-in-flight" currents are explicitly included, see [15, 17] for more details. The predictions based on the improved chiral force are in a good agreement with ones based on the AV18. In particular the SNC+Siegert predictions are practically indistinguishable at photon energies below approx. 30 MeV. At higher energies a small difference develops and the chiral predictions are even closer to the data of Ref. [26] .
As examples of observables for 3 He photodisintegration we choose the semi-inclusive cross sections in three-body breakup, i.e. the process in which only one particle is detected. In each of Figs. 2-7 we show the cross section at photon laboratory energy E γ = 40 MeV as a function of the final neutron or proton energy emerging at four angles Θ with respect to the photon beam: Θ = 0 • , 60 • , 120 • and 180 • . The same structure of the spectra is observed for semi-phenomenological forces and is discussed in [27] and [17] , so here we focus on the issues connected to using new forces. In Figs. 2 and 3 we show the convergence of predictions with respect to order of the chiral expansion for the detected neutron and proton, respectively. Only predictions at leading order (LO) are far away from the other ones and for sure are not sufficient to describe this process. The other predictions are close to each other. However at few angles, like Θ n = 0 • and E n ≈ 18MeV or Θ p = 180 • and E p ≈ 4MeV, the action of chiral forces at higher orders are seen. Of course, we are aware that the final conclusions about the convergence pattern can be drawn only after consistent The experimental data are from Ref. [22] (green x'es), [23] (magenta squares), [24] (orange dots), [25] (indigo pluses) and [26] (maroon x'es).
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3NFs and current operators are included, but presented here predictions constitute a promising first step in this direction. To estimate the theoretical errors of predictions resulting from neglecting, at a given order of the chiral expansion, the contributions from the higher orders, we apply the prescription given in [9] . The resulting bands which correspond to the truncation errors are shown in Figs. 4 and 5. A big contribution from higher orders is expected at the next-to leading order (NLO) (the yellow band) and still noticeable, at the same nucleon energies, addition is expected at N 2 LO (the green band). At higher orders bands are very narrow and practically overlap. Thus, one can conclude that for the presented here cross section calculations at N 3 LO should be sufficient.
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Finally, in Figs.6 and 7 we show explicitly the dependence of the cross section on the value of the cut-off parameter R used to regularize the chiral forces at N 4 LO. We use five different values R = 0.8, 0.9, . . . , 1.2 fm and observe very weak cut-off dependence. Only in some cases predictions at R = 1.2 fm lie slightly away from others. It can also be seen that the dispersion of predictions based on different values of R usually exceeds the theoretical uncertainties at N 4 LO shown in Figs. 4-5, but note that only values R = 0.9 fm and R = 1.0 fm are recommended [7, 8] .
The results for two muon capture reactions, µ − + d → n + n + ν µ and µ − + 3 He → 3 H + ν µ , are given in Tabs. 1 and 2. It is clearly seen that the dependence on the cut-off parameter is very weak. The maximal difference between predictions at given order, ∆, first increases when going from the LO to the NLO and then continously drops achieving at N 4 LO 0.44% for muon capture on the deuteron and 1.76% for the 3 He -3 H transition. For both processes we also observe the nice convergence of capture rates with respect to the chiral order. The new predictions are also in agreement with the results based on the AV18 NN force, which are 382.3 s −1 and 1295 s −1 for muon capture on the deuteron and for the non-breakup channel in muon capture on 3 He, respectively.
Summary
Recently developed chiral forces with local regularization were applied to study the deuteron and 3 He photodisintegration reactions as well as the muon capture processes on the deuteron and 3 He. The Siegert theorem was used to include many-body currents for the photodisintegration reactions and on top of the single nucleon current the relativistic corrections were taken into account for the weak processes. For all investigated reactions we could confirm the good behavior of the
PoS(CD15)118
Study of electroweak processes in the two and three-nucleon systems with local chiral forces Roman Skibinski 
Study of electroweak processes in the two and three-nucleon systems with local chiral forces Roman Skibinski used NN interaction. Namely, we observed fast convergence of the predictions with respect to the order of the chiral expansion -for all studied observables predictions at N 4 LO are very close to ones at N 3 LO. We observe also very weak dependence of our results on the value of the local regulator parameter R. Especially, predictions with the most recommended values R=0.9 fm and R=1.0 fm usually overlap at N 4 LO. The observed cut-off dependence is much weaker than the one present for the older chiral forces, which were regularized directly in the momentum space, using the nonlocal regulators. Finally, we show estimates for the truncation errors coming from neglecting of the higher order contributions. These theoretical uncertainties decrease with the higher and higher chiral order and are very small above N 2 LO. This shows the importance of the improved chiral potentials for few-body investigations. However, it is necessary to verify these conclusions for other observables and at different, especially higher, energies. Such work is in progress.
